Objective: To study the effect of familial Alzheimer disease (FAD) mutations and APOE genotype on plasma signaling protein levels.
T HE PREVAILING THEORY OF the etiologic factors associated with Alzheimer disease (AD) is that increased relative production or aggregation and/or decreased removal of the 42 amino acid-length cleavage product (A␤42) of amyloid precursor protein (APP) are key events in initiating the illness. 1 There is much evidence supporting this "amyloid hypothesis," including that APP degradation products are the principal constituents of the plaques that characterize AD brains 2 and that the mutations in the PSEN1, PSEN2, and APP genes causing familial AD (FAD) lead to increased relative or absolute production of the A␤42 peptide. 3 The risk-conferring allele of the gene encoding for apolipoprotein E (APOE ε4) 4 has also been shown 5 to negatively influence transport and aggregation of the A␤ peptide. Apolipoprotein E (ApoE), however, influences many physiological processes and the function most relevant to AD pathogenesis is not clear.
In addition to the hallmark amyloid plaques and neurofibrillary tangles that characterize AD brains, inflammatory changes are also well described. Upregulation of complement, cytokines, and acute-phase reactants occurs near amyloid plaques 6 and appears to be an early event. Higher levels of such inflammatory markers have been reported in the cerebrospinal fluid of persons affected by AD 7 and in persons carrying FAD mutations. 8 Although it is unclear to what degree inflammation is causative of or reactive to more critical pathogenic events in AD, the demonstration that polymorphisms in the gene encoding for complement receptor 1 (CR1), 9 complement factor H (CFH), 10 and possibly variants in certain interleukins 11 as risk factors for AD argue for a key role.
The primary pathology of AD is in the central nervous system, but there is evidence that chemical changes measurable in plasma, including inflammatory markers, may reflect central nervous system changes. Plasma markers that predict the development of AD would be useful in elucidating the presymptomatic stage of the illness and might provide targets for interventions to prevent the development of or hamper progression of the disease. In both human disease 12 and animal models of neurodegeneration, 13 systemic inflammation is associated with more rapid disease progression. Ray et al 14 identified a panel of 18 plasma markers that were useful in distinguishing patients with AD from individuals serving as controls and in predicting which persons with mild cognitive impairment went on to develop AD.
Persons at risk for familial AD due to PSEN1 and APP mutations, in whom the ultimate development of disease can be predicted with essentially 100% certainty, allow us to sensitively detect biochemical changes occurring during the presymptomatic period. 15 The APOE genotype is also a risk factor for the development of AD; its variants have differential effects on inflammation, and its relationship to various biological markers may be more relevant to lateonset AD. The goal of the present study was to assess the influence of FAD mutations, APOE genotype, and age on plasma levels of molecules involved in intercellular communication that are potentially relevant to neurodegenerative disease as identified by Ray et al 14 and were successfully adapted to a multiplex immunoassay platform.
METHODS

STUDY POPULATION
Thirty-five persons from families harboring PSEN1 or APP mutations who were free of acute illness were enrolled in the present study. Four persons had dementia and the remaining 31 were at 50% risk of inheriting these FAD mutations. All participants underwent in-depth clinical, imaging, and biochemical assessments. Twenty-six participants were from families with PSEN1 mutations, and 9 were from families harboring APP mutations. Participants were from 14 distinct families, of which 12 had a proband with a proven PSEN1 mutation (A431E substitutionin9, 16, 17 L235V substitutionin1, 18 G206A substitutionin1, 18 and S212Y substitutionin 1), and 2 had a proband with the V717I substitution in APP.
The Clinical Dementia Rating Scale (CDR) 19 was performed with an unrelated informant and the participant, with scores of 0.5, 1, 2, and 3 representing questionable, mild, moderate, and severe stages of dementia, respectively. In all but 4 individuals with dementia and 2 who had undergone clinical presymptomatic testing, clinical assessments were performed with the rater blinded to the participant's genetic status. Participants were informed that they would be tested for APOE genotype and the FAD mutation for which they were at risk but in the context of the research protocol would not be told the result. All participants provided written informed consent. All study procedures were approved by the institutional review board at University of California at Los Angeles.
Blood was drawn in the morning with participants in a fasting state. Thirty milliliters of plasma was centrifuged, aliquotted into 0.5-mL siliconized polypropylene Eppendorf tubes, and stored at −80°C within 2 hours of being drawn. Plasma samples were coded using unique identifiers and stored until being forwarded to Rules-Based Medicine, Inc, which measured the levels of 77 molecules using Luminex platform-based mutiplex immunoassays ( Table 1 lists the analytes measured).
Microspheres were color-coded by varying the ratio of a pair of dyes impregnated into beads. Each bead set was coated with a reagent specific to the molecules of interest, allowing the capture and detection of specific analytes. Following sample incubation and washes, a fluorescently labeled detection antibody was bound. Complexes were analyzed in the Luminex instrument in which beads passed a pair of lasers that detect the reporter dye on the detection antibody and the dye ratio simultaneously. Eight multiplex assays, comprising all 77 target molecules, were run on each plasma sample. Each multiplex run included analyte-specific standards and controls. Further details regarding the methods are provided in the eAppendix (http://www.archneurol.com). All measures were performed without clinical and genetic information.
GENETIC TESTING
The DNA was extracted and APOE genotyping was performed using standard techniques. The presence of A431E and L235V substitutions in PSEN1 were assessed using restriction fragment length polymorphism analyses. The presence or absence of the G206A substitution in PSEN1 (n = 1) was assessed directly with bidirectional sequencing. The presence of the S212Y mutation in an affected person was ascertained using a technique in which the open reading frame of the coding region of the PSEN1 gene was sequenced (Athena Diagnostics). The presence of the V717I substitution in APP was assessed with direct sequencing.
STATISTICAL ANALYSIS
Demographic factors were compared between FAD MCs and NCs and among APOE genotype groups using 1-way analysis of variance or Fisher exact tests. Measurable levels were unobtainable in 50% or more of the participants for 10 of the 77 proteins, and these were therefore excluded from further analyses. For concentrations that were below the limit of detection for the remaining analytes, values were imputed by providing a value 1% below the lowest detected value for that measure. Levels were compared between FAD MCs and NCs and among APOE genotype groups using nonparametric statistical tests (Wilcoxon and Kruskal-Wallis). Next, proteins were transformed as appropriate (eg, log, power transformations based on quantile-quantile plots for each protein) and we constructed multiple linear regression models with covariates for age, sex, APOE genotype, and FAD mutation status. We also individually tested interaction terms between FAD mutation status and APOE genotype, FAD mutation status and age, FAD gene with risk for mutation (PSEN1 vs APP) and APOE genotype, and APOE genotype and age.
Finally, in cases in which we found significant APOE ϫ age interaction effects, we separately computed correlations between analyte levels and age within APOE genotype groups. To control for false positives due to multiple comparisons, the false discovery rate (FDR) was calculated. The R package QVALUE was used to compute estimated FDRs. 20 Protein levels with FDR differences of less than 0.2 were considered significant. Statistical analyses were performed in R version 2.6.1 as well as commercial software (PASW Statistics 18.0; SPSS Inc).
RESULTS
Two individuals were excluded because of extreme outlying measures of multiple protein levels. Twenty-five of the 33 remaining participants were women, with ages ranging from 19 to 59 years. Twenty-one participants were FAD MCs and 12 were NCs ( Table 2) . Six had the APOE ε2/3, 6 had the ε3/4, and 21 had the ε3/3 genotype. Among FAD MCs, 14 were presymptomatic (CDR, 0), 5 had questionable impairment (CDR, 0.5), and 2 had dementia (CDR, Ͼ0.5). There were no significant differences in age, adjusted age, sex distribution, or APOE genotype between FAD MCs and NCs (Table 2) . Among the 21 FAD MCs, 16 had PSEN1 mutations and 5 carried the V717I APP mutation. Similarly, there were no significant differences in age or distribution of sex or FAD mutation status among APOE genotype groups (Table 3) .
Plasma levels of CFH (3619 vs 2876 µg/mL; P = .02) were elevated in FAD MCs compared with NCs. This difference did not survive correction for the FDR.
When plasma levels were compared across APOE genotype groups, significant differences were seen in the levels of 17 proteins (in descending order of significance): ApoE, interleukin (IL) 13, epidermal growth factor, IL-15, IL-3, tissue inhibitor of metalloproteinase 1, I-309 (CC chemokine 1), basic fibroblast growth factor, superoxide dismutase 1 (SOD1), chromogranin A, RANTES, CD5 antigenlike, IL-5, brain-derived neurotrophic factor, AXL receptor tyrosine kinase, IL-12p40, and IL-4 (Table 1) . Total levels of ApoE were significantly elevated in persons with the APOE ε2/3 genotype relative to the ε3/3 genotype (67.4 vs 34.1 µg/mL; P = .002) and higher in carriers of the ε3/3 relative to the ε3/4 genotype (34.1 vs 27.3 µg/mL; P = .02) ( Figure 1A) . Levels of IL-13 were significantly elevated in persons with the ε3/3 relative to the ε2/3 genotype (65.6 vs 31.9 pg/mL, P = .005) and higher in persons with the ε3/4 relative to the ε3/3 genotype (85.9 vs 65.6 pg/mL; P = .005) ( Figure 1B ). The trend for higher plasma interleukin levels in APOE ε3/4 carriers relative to APOE ε3/3 carriers and APOE ε3/3 carriers relative to APOE ε2/3 carriers held for IL-3, IL-4, IL-5, and IL-12p40 ( Figure 1C , D, E, and F, respectively). Levels of I-309 were significantly elevated in persons with the APOE ε3/3 relative to ε2/3 genotype (291.7 vs 108.1 pg/mL; P = .02) and in carriers of the APOE ε3/4 relative to the ε3/3 genotype (614.8 vs 291.7 pg/mL; P = .02) ( Figure 1G ). The SOD1 levels were significantly higher in APOE ε2/3 carriers than in ε3/3 car- Abbreviations: AXL, AXL receptor tyrosine kinase; BDNF, brain-derived neurotrophic factor; BMP-6, bone morphogenetic protein 6; CCL1, CC chemokine 1; CD5L, CD5 antigen-like; CgA, chromogranin A; EGF, epidermal growth factor; FAD, familial Alzheimer disease; FGF, fibroblast growth factor; ICAM-1, intracellular adhesion molecule 1; IGF-1, insulinlike growth factor 1; IGF BP-2, insulinlike growth factor binding protein 2; IL, interleukin; M-CSF, macrophage colony-stimulating factor; MDC, macrophage-derived chemokine; MIF, macrophage migration inhibitory factor; MIP-1, macrophage inflammatory protein 1; NrCAM, neuronal cell adhesion molecule; SGOT, serum glutamic oxaloacetic transaminase; sRAGE, receptor for advanced glycosylation end products; TIMP-1/-2, tissue inhibitor of metalloproteinase 1 and 2; TRAIL-R3, TNF-related apoptosis-inducing ligand receptor 3; VEGF, vascular endothelial growth factor.
a Differences analyzed by Kruskal-Wallis test (P Ͻ .05, false discovery rate Ͻ 0.2). b There was no differentiation between FAD mutation carriers and noncarriers, nor among APOE genotype group.
riers (121.2 vs 73.5 ng/mL; P = .02) and in ε3/3 carriers than in ε3/4 carriers (73.5 vs 60.8 ng/mL; P = .02 ( Figure 1H ). When covariance analysis was performed for the gene with risk for mutation, the levels of 13 proteins were still significantly related to APOE genotype, although 13 proteins also showed a relationship to the gene containing the mutation. There were significant interactions between APOE genotype and FAD mutation status in the levels of ApoE, IGF-1, IL-13, IL-1␣, thrombopoietin, AXL receptor tyrosine kinase, Fas ligand, IL-12p40, IL-3, IL-4, IL-5, IL-7, and MDC (Table 1) . From the multiple regression models we found that angiopoietin 2, stem cell factor, IL-12p40, IL-1␣, ENA-78, CNTF, M-CSF, IL-15, IL-13, IL-7, IL-3, and SOD1 showed interactions of APOE genotype with age ( Table 4 and Figure 2 ) (P Ͻ .05, FDR Ͻ 0.2). The structure of the interaction for angiopoietin 2 showed an increase with age in ε2/3 carriers, a less steep increase with age in ε3/3 carriers, and a decrease with age in ε3/4 carriers. Among the interleukins, levels were highest in younger ε3/4 carriers and decreased with age. With regard to SOD1, levels were highest in young ε2/3 carriers and decreased with age. Although statistically significant, the trends with age for the other analytes were less pronounced.
COMMENT
The levels of plasma proteins involved in intercellular communication may relate to AD pathologic character- istics. 14, 21 In the current study, we ascertained the levels of many such proteins in persons from FAD families, most of whom were asymptomatic. No significant differences were found between FAD MCs and NCs, although differences among APOE genotype groups suggested an elevation of inflammatory mediators in carriers of the APOE ε4 and ε3 alleles relative to the ε2 allele, with trends toward higher levels in ε4 carriers relative to ε3 carriers. Furthermore, for some markers, there was a decrease with age in ε4 carriers that was not present or less pronounced with other APOE genotypes.
Despite the certainty with which FAD MCs develop the disease and the systemic nature of such mutations, we found minimal differences in plasma protein levels between MCs and NCs. Although CFH was nonsignificantly elevated in FAD MCs, plasma levels of CFH have been found 22 to be elevated in patients with AD, using an unbiased proteomic approach, and polymorphisms in the gene for CFH have been linked to AD risk. 10 Although FAD mutation status in itself did not have a strong influence on protein plasma levels, there were significant interactions between FAD mutation status and APOE genotype for several proteins, suggesting convergent influences on disease pathogenesis.
In prior studies comparing plasma ApoE concentration between persons with dementia and those serving as controls, elevated, 23 decreased, 24 and equivalent 25 levels have been reported. However, studies in persons without dementia have consistently shown an effect of APOE genotype on plasma ApoE levels, with carriers of the ε2 allele having higher levels than carriers of the ε3 allele, who, in turn, have higher levels than ε4 allele carriers.
26
A study in transgenic mice suggested that this was due to increased degradation of the ε4 form of the protein. 27 Our finding of elevated ApoE levels in APOE ε2 carriers is consistent with these observations. The mechanisms by which the APOE ε4 allele confers an increased risk for AD are controversial; one possibility is mediation by lower levels of total ApoE protein in addition to disparate functionality conferred by polymorphisms.
In our population, the APOE genotype was related to the levels of the inflammatory markers I-309, IL-1␣, IL-3, IL-7, IL-12p40, IL-13, and IL-15, with the ε2 allele being associated with the lowest levels and the ε4 allele with the highest. The interleukins can have either proinflammatory or regulatory roles in immune response, and some are overexpressed in the AD brain. 6 Other studies 14, 21, 28 have found plasma levels of interleukins to be inconsistently associated with AD and incipient AD, possibly related to frequent comorbidity in aged populations. Of the 18 markers found to predict AD by Ray et al, 14 only 10 could be successfully adapted to the current multiplex immunoassay panel and were therefore included in the present study. Of these, one (IL-3) for which decreased levels were found to predict AD by Ray et al was also found to be elevated in APOE ε4 carriers in our study. Prior studies have focused on populations older than ours and generally have looked at AD or mild cognitive impairment diagnosis without regard to APOE genotype. Our data indicate that some of the variability in prior studies may be the result of age and APOE genotype and suggest that differences in the inflammatory response occur in APOE ε4 carriers and diminish before the age at which AD symptoms begin. The APOE ε4 genotype may therefore exert its influence on AD risk in early adulthood and midadulthood, times at which other manifestations of APOE genotype are also evident. 29, 30 Apolipoprotein E is a pleiotropic protein, and many different mechanisms have been invoked in explaining how the APOE ε4 variant contributes to AD risk. Although effects on A␤ metabolism are most commonly cited, 5 many other effects, [31] [32] [33] [34] including influences on inflammation, have been observed. Microglial activation by APP was blocked by the presence of APOE ε3 but not by APOE ε4 35 and microglia derived from transgenic mice with the human APOE ε4 allele secrete higher levels of proinflammatory cytokines than do microglia from APOE ε3 mice. 36 In humans it has been demonstrated that higher plasma levels of IL-6 are associated with poorer cognition in the elderly and predict steeper decline in memory, an effect greatest in APOE ε4 carriers. 37 Both an observational study of incident AD 38 and a randomized, prospective controlled study of persons with AD 39 suggested that anti-inflammatory interventions have greater benefit in APOE ε4 carriers relative to ε4 noncarriers. If the increased inflammatory response observed in young APOE ε4 carriers is related to the AD process observed later in life, intervention with anti-inflammatory medi- cations at a young age might serve to ameliorate disease pathogenesis later.
An important limitation of this study is the variable degree of relatedness between the participants. Nine of the 14 families had the same PSEN1 mutation (A431E), which has been demonstrated to represent a founder effect, 16 and the 2 families with the V717I APP mutation may also be related. Indeed, we found that the gene with Age, y Figure 2 . Levels of analytes with significant interactions of APOE genotype and age in which discernible patterns with age were observed. The solid line in each graph represents the linear regression fit across all subjects. The Spearman rank correlations are given in Table 4 . IL indicates interleukin.
risk for mutation was related to the levels of 13 proteins in plasma, and, considering the relatively close genetic relationships among persons at risk for PSEN1 and APP mutation in our cohort, this may represent the effects of non-FAD, non-APOE genetic influences on plasma protein levels. The fact that effects of APOE were still seen when the risk for APP or PSEN1 mutations was covaried, however, indicates that APOE genotype has additional effects. Another limitation of this study is the small number of participants relative to the large number of variables analyzed. Control for the FDR, the consistency of the pattern of interleukin levels, and the strong interactions between age and APOE genotype for many markers, however, diminishes the likelihood of our results being spurious. Also, considering the small size of the APOE ε2/3 and ε3/4 groups, the Spearman rank correlations should be interpreted with caution. Because we analyzed 67 proteins, it is likely that several would have significant correlations by chance (~3.4 = 0.05 ϫ the number of evaluable proteins); therefore, our findings of 11 protein/age correlations in the ε4 subgroup, although of interest, should be considered pilot data.
Our finding of elevated inflammatory mediators in young adult APOE ε4 carriers is consistent with ApoE ε4 being associated with an increased propensity toward inflammation in the periphery that decreases with aging. Whether this is causative of, reactive to, or incidental to incipient AD pathology is unclear, but the effect was seen in young persons presumed to have few abnormalities. Determining whether interventions influencing inflammatory mechanisms can affect disease in a prospective fashion would allow us to better establish the chain of events leading to AD.
